We report on the measurement of the charged kaon correlation functions k T dependencies using 600 GeV/c Σ − , π − and 540 GeV/c p beams from the SELEX (E781) experiment at Tevatron. One-dimensional K ch K ch correlation functions are constructed in three transverse momentum ranges. The emission source parameters λ and R are extracted. The analysis shows a decrease of the source radii with the kaon pair transverse momentum for all beam types.
Introduction
In this paper we present results from K ch K ch correlation femtoscopy study in 600 GeV/c Σ − C(Cu), π − C(Cu) and 540 GeV/c p C(Cu) interactions from the SELEX (E781) experiment [1] at the Tevatron FNAL. The correlation femtoscopy method allows to study spatio-temporal characteristics of the emission source on the level of 1 fm = 10 −15 m. The method is based on the Bose-Einstein enhancement of identical boson production at small relative momentum. The quantum statistics correlations were first observed as an enhanced production of the identical pion pairs with small opening angles in proton-antiproton collisions by G. Goldhaber, S. Goldhaber, W.-Y. Lee and A. Pais in 1960 (GGLP effect) [2] . Later, in the 1970s Kopylov and Podgoretsky suggested to study the interference effect in terms of the correlation function, proposed the mixing technique to construct the uncorrelated reference sample and clarified the role of the space-time characteristics of particle production [3, 4, 5] . Then two-particle correlations at small relative momentum were systematically studied for lepton-lepton, lepton-and hadronhadron, and heavy-ion collisions. In heavy-ion collisions at the Super Proton Synchrotron (SPS) [6, 7, 8, 9, 10, 11] and at the Relativistic Heavy Ion Collider (RHIC) [12, 13, 14, 15] it was found that the system created in such collisions is well described by the ideal-fluid hydrodynamics followed by the statistical hadronization [16] . By using the width of the quantum statistical enhancement one can measure the radii R of the emitting source. The drop of the extracted radii with increasing pair transverse momentum may be interpreted as the decrease of the "homogeneity lengths" [17] due to collective transverse flow.
A comparison of femtoscopic measurements in lepton-and hadron-induced [18, 19] collisions with heavy-ion collisions shows similar systematics [20, 21] . These analyses usually study pions, however measurements of heavier particles may provide an additional information about the size, orientation and dynamical timescales of the emission region.
Experimental Setup and Data Selection
The SELEX (E781) detector is a three-stage magnetic spectrometer designed for charm hadroproduction study at x F > 0.1. We report on the analysis of 1 billion events of 600 GeV/c Σ − C(Cu), π − C(Cu) and 540 GeV/c p C(Cu) interactions recorded during the 1996-1997 fixed target run. About 2/3, 1/6 and 1/6 of the data were obtained on Σ − , π − and p beams, respectively.
The beam particle was identified as a meson or a baryon by a transition radiation detector. Interactions occurred on segmented targets, which consisted of 2 copper and 3 diamond foils separated by 1.5 cm clearance and had a total thickness of 5% of an interaction length for protons. Particles were tracked in a set of 20 vertex Silicon Strip Detectors (SSD) arranged in 4 sets X, Y, U and V views, with a strip pitch of 20-25 µm. The particle momentum was measured by deflection of the track position by two magnets M1 and M2 in a system of proportional wire chambers and silicon strip detectors. Momentum resolution of a typical 100 GeV/c track was σ p /p ≈ 0.5%. A Ring Imaging Cherenkov detector (RICH) of the experiment performed particle identification in a wide momentum range and provided 2 σ K/π separation up to 165 GeV/c [22] .
In this analysis we used primary tracks that have vertex silicon track segment matched with downstream segment measured in the M2 spectrometer, with the momentum from 45 to 165 GeV/c and identified in the RICH detector with the likelihood to be a kaon exceeding any other hypothesis. After applying these cuts 5438097, 701814 and 115338 identical charged kaon pairs were selected on Σ − , π − and p beams, respectively.
Correlation Femtoscopy
The two-particle correlation function is defined as the ratio of the probability to measure two particles with momenta p 1 and p 2 to their single particle probabilities:
Experimentally, one studies the correlation function C( q) in terms of relative momentum q = p 1 − p 2 and average momentum K = ( p 1 + p 2 )/2 of two particles:
where A( q, K) is the measured distribution of relative momentum within the same event, B( q, K) -the corresponding distribution for pairs of particles from different events (event-mixed distribution) and D( q, K) is a so-called correlation baseline that describes all non-femtoscopic correlations such as, for instance, the correlations caused by the energy and momentum conservation-induced correlations [23] . In the simplest case non-femtoscopic effects can be parameterized by a second order polynomial. Event mixing was done using only events with two or more identical charged kaons, grouped by production target. Kaons from adjacent events for each target were combined to provide an uncorrelated experimental background. By virtue of the limited statistics available for the π − and p beams only the one-dimensional femtoscopic charged kaon analysis of correlation functions in terms of invariant relative momentum Q = ( p 1 − p 2 ) 2 − (E 1 − E 2 ) 2 was performed. In order to extract the size of the emission region one can use the Goldhaber parametrization, which assumes that the emitting source of identical bosons is described by a spherical Gaussian density function:
where λ describes the correlation strength, R -size of the emitting source and D(Q) is the baseline distribution. The momentum correlations of particles emitted at nuclear distances are also influenced by the effect of final-state interaction (FSI) -Coulomb and strong interactions [24, 25, 26, 27] . For identical kaons the effect of strong interactions is negligible. Correlation function of identical bosons should increase at low relative momentum except for small values where Coulomb interaction becomes dominant. One may take it into account by modifying Eq. (3):
where the factor K(Q) is the squared like-sign kaon pair Coulomb wave function integrated over a spherical Gaussian source [28, 29, 30 ].
Results and Discussion
The results discussed in this Letter were obtained with the same detector setup, cuts and fitting procedures giving an opportunity to compare the properties of the emission region for different hadron-induced collisions. The analysis was performed for three average pair transverse momentum k T = p T 1 + p T 2 /2 ranges: (0 − 0.3), (0.3 − 0.55), (0.55 − 1) GeV/c and for the three beam types: Σ − , π − , p. Due to small differences in the measured correlation functions, the positive and negative kaon four-momentum distributions were combined in the numerator and the denominator before constructing the ratio.
In order to reduce non-flat baseline, the Monte Carlo event generator PYTHIA-6.4.28 [31] with Perugia 2011 tune [32] was used. Correlations from MC events do not contain Bose-Einstein correlations and final-state interactions and only make contributions to the nonfemtoscopic term D(Q) in Eq. (4). In Fig. 1 we compare the MC correlation distributions with data normalized such that C(Q) = 1 for 0.5 < Q < 0.8 GeV/c, where quantum statistical correlations are absent and the influence of the non-femtoscopic effects is small. It is seen that PYTHIA describes the experimental baseline in the region Q > 0.5 GeV/c where the effect of femtoscopic correlations is negligible. In the region Q < 0.5 GeV/c the enhancement of the experimental correlation functions is coming from quantum statistics correlations and the decrease of the correlation functions in the region Q < 0.1 GeV/c is due to Coulomb repulsion of the likesign charged kaons. Fig. 2 shows the correlation functions obtained after correction of experimental correlation functions by the simulated functions (in order to reduce non-femtoscopic correlations) for each beam type and k T range and the fits were performed using Eq. (4). In the current analysis the Coulomb function K(Q) was integrated over a spherical source of 1 fm. Fig. 3 and Tab. 1 show extracted parameters of the correlation strength λ and radii R for all beam types and three pair transverse momentum regions. Fig. 3 shows decrease of the charged kaon source radii with k T for all Σ − (circles), π − (squares) and p beams (triangles). Only statistical errors are shown. It is seen that the source radii obtained for the meson beam are systematically smaller than those obtained for the baryon beams. At the same time the measured radii for Σ − is smaller then for the p beam within 2σ. This difference is probably arising from the different production mechanisms due to the leading particle effect [33, 34] and different contamination from the resonances [35] .
The main contribution to the systematic uncertainties (up to 19%) is coming from the baseline determination in the PYTHIA simulation. In order to estimate systematical uncertainties due to the fitting procedure different non-femtoscopic forms were used [36, 37, 38] :
The systematic error from varying the Q fit range is below 1%. Changing the radius of the Coulomb source in the range from 0.5 fm to 1.5 fm has negligible effect on the extracted radii.
As one can see from Tab. 1 the λ parameter is correlated with the source radii that may be explained as: 1) non-Gaussian shape of the source due to contamination from the resonance decays and non-spherical shape of the source and 2) imperfect description of the baseline by PYTHIA. The former means that in hadronic collisions non-Gaussian shape of the source in 'x-y-z' Figure 2 : The correlation functions of K ch K ch system versus relative four-momentum after the correction on non-femtoscopic correlations. The fits were performed using Eq. 4 and the columns and rows are defined as in Fig. 1. planes plays more important role than in heavy-ion collisions.
The decrease of the source radii with pair transverse momentum was previously observed in heavy-ion collisions and interpreted as a collective hydrodynamic behavior (collective flow) [39, 40] . The first direct comparison of correlation femtoscopy in p + p and heavyion collisions under the same detector conditions, reconstruction, analysis and fitting procedures was performed by the STAR collaboration [21] . It was shown that p + p collisions also have the transverse momentum scaling. However, the interpretation of these results is still unclear, but the similarities could indicate a connection between the underlying physics.
The transverse momentum dependence was also observed for ππ in e + e − [41, 42] and pp collisions [21, 43, 37, 44] . For the very first time a similar analysis of charged kaon Bose-Einstein correlations for more than one pair transverse momentum and multiplicity ranges was recently performed by the ALICE collaboration at the LHC in pp collisions at √ s = 7 TeV [36] . It was shown that K ch K ch femtoscopic radii decrease with pair transverse momentum for middle and high multiplicity ranges. There are several possible processes that may lead to the k T dependencies in the hadronic collisions:
1. The space-momentum dependence of the femtoscopic radii may be generated by long-lived resonances [45] . In particular this may play a significant role in high multiplicity bins, where the bulk collective flow is predicted [46] . 2. T. J. Humanic proposed a model [47] based on space-time geometry of hadronization and effects of final-state rescattering between hadrons that reproduces both multiplicity and transverse mass dependence measured at the Tevatron [48] .
3. In small systems the string fragmentation should generate momentum and space correlations, such as k T dependence of the source radii. However, there are almost no quantitative predictions that may be directly compared with data. Moreover, the Lund string model is not able to reproduce the mass dependence of the radii [41, 49, 50, 18] .
4. Hydrodynamic bulk collective flow may lead to the k T dependence that is very similar to the one from heavy-ion collisions.
These mean that the origin of the pair transverse momentum dependence of the femtoscopic radii in hadronic collisions is still unclear and further theoretical studies are needed in order to understand the underlying physics.
Summary
The charged kaon Bose-Einstein correlations were measured in the SELEX experiment. One-dimensional K ch K ch correlation functions in terms of the invariant momentum difference were constructed for Σ − , π − and p beams and three pair transverse momentum ranges: (0 − 0.3), (0.3 − 0.55) and (0.55 − 1) GeV/c. The source parameters of correlation strength λ and radii R were extracted for all beam types and for three pair transverse momentum ranges and are shown in Tab. 1. The slight decrease of the femtoscopic radii R with pair transverse momentum was observed for all three beam types. The source radii obtained for the π − beam have smaller values compared to the baryon beams. The difference in the measured radii between the Σ − and p beams is observed.
